ATP binding to the PAN-ATPase complex in Archaea or the homologous 19 S protease-regulatory complex in eukaryotes induces association with the 20 S proteasome and opening of its substrate entry channel, whereas ATP hydrolysis allows unfolding of globular substrates. To clarify the conformational changes associated with ATP binding and hydrolysis, we used protease sensitivity to monitor the conformations of the PAN ATPase from Methanococcus jannischii. Exhaustive trypsin treatment of PAN generated five distinct fragments, two of which differed when a nucleotide (either ATP, ATP␥S, or ADP) was bound. Surprisingly, the nucleotide concentrations altering protease sensitivity were much lower (K a 20 -40 M) than are required for ATP-dependent protein breakdown by the PAN-20S proteasome complex (K m ϳ 300 -500 M). Unlike trypsin, proteinase K yielded several fragments that differed in the ATP␥S and ADP-bound forms, and thus revealed conformational transitions associated with ATP hydrolysis. Mapping the fragments generated by each revealed that nucleotide binding and hydrolysis induce local conformational changes, affecting the Walker A and B nucleotide-binding motif, as well as global changes extending to its carboxyl terminus. The location and overlap of the fragments also suggest that the conformation of the six subunits is not identical, probably because they do not all bind ATP simultaneously. Partial nucleotide occupancy was supported by direct assays, which demonstrated that, at saturating conditions, only four nucleotides are bound to hexameric PAN. Using the protease protection maps, we modeled the conformational changes associated with ATP binding and hydrolysis in PAN based on the x-ray structures of the homologous AAA ATPase, HslU.
In both prokaryotic and eukaryotic cells, most proteins are degraded in an ATP-dependent manner (1, 2) . In eukaryotes, ATP-dependent degradation is catalyzed by the 26 S proteasome, which hydrolyzes ubiquitin-conjugated and some nonubiquitinated proteins (3, 4) . In this process, polyubiquitinated proteins bind the 19 S regulatory particle, which is believed to promote their unfolding and translocation into the 20 S core particle (5, 6) , where hydrolysis to small peptides occurs. The 19 S complex contains six homologous ATPases in its base, which lies adjacent to the 20 S particle. These ATPases have been implicated in substrate recognition, unfolding, translocation, and gate opening in the outer ring of the 20 S particle (5) (6) (7) (8) (9) (10) .
Although prokaryotes lack ubiquitin and 26 S proteasomes, archaebacteria do have 20 S proteasomes, whose architecture and proteolytic mechanism closely resemble those of the eukaryotic 20 S (11). Because of its greater simplicity, the archaeal 20 S proteasome has proven very useful for structural and mechanistic studies (12) (13) (14) . The Archaea proteasome functions in protein breakdown in association with an ATPase complex, termed PAN 3 (proteasome-activating nucleotidase). When mixed with the archaeal 20 S proteasome and ATP, PAN stimulates the degradation of natively unfolded proteins and peptides longer than 7 residues, whereas shorter peptides diffuse into the 20 S proteasome unassisted (11) . PAN is a hexameric ring with a central pore, and thus its general structure resembles that of the six ATPases of the 19 S complex (6) . Like them, PAN exhibits several typical chaperone properties, including the ability to bind unfolded polypeptides selectively and to prevent their aggregation (15) (16) (17) . In addition, in the presence of ATP, PAN efficiently unfolds certain globular substrates and translocates them into the 20 S proteasome (17) .
PAN shows 40% homology to the six ATPases in the base of the 19 S particle and thus appears to have regulated proteasome function prior to the linkage of ubiquitination and proteolysis (11) . Both proteasome-regulatory complexes are members of the AAA superfamily of multimeric ATPases, which also includes the ATP-dependent proteases Lon and FtsH and the regulatory components of the bacterial ATP-dependent proteases ClpAP, ClpXP, and HslUV (18, 19) . The unifying feature of the AAA superfamily is an ATPase domain of about 220 amino acids, whose structural fold has been solved by x-ray crystallography (20 -22) . The AAA proteins show a strong sequence conservation in this domain (about 30% identity), which contains the Walker A and B (ATP binding and hydrolysis) motifs. In addition to ATP-dependent proteolysis, AAA proteins play key roles in diverse processes, from membrane trafficking to microtubule regulation (23, 24) .
Despite the importance of the AAA superfamily, their mode of action is not well understood. In particular, the link between the ATPase catalytic cycle and the conformational changes responsible for their biological activity remain unclear. Here, we focus on PAN, whose simplicity and uniformity offer clear advantages for understanding the role of ATP in facilitating proteolysis (9, 17) . The degradation of a globular protein by the PAN-20S complex occurs in multiple steps (6): 1) ATPase association with the 20 S particle; 2) opening of the substrate entry channel in the 20 S proteasome; 3) binding of the substrate to the ATPase; 4) global unfolding of the substrate on the ATPase surface; and 5) processive translocation of the unfolded substrate into the 20 S particle. These functions must be mediated by specific conformational transitions in the ATPase complex upon ATP binding, hydrolysis to ADP, or exchange of ADP for ATP, and a full understanding of ATP-dependent proteolysis will require the resolution of the structural changes associated with each step. Whereas subunit interactions of 19 S subunits have been mapped by cross-linking, mutational analysis, or yeast two-hybrid approaches, nothing is known of how ATP binding and hydrolysis affects the structure of the eukaryotic 19 S particle or the homologous PAN ATPase complex (25) (26) (27) (28) (29) .
To investigate the influence of nucleotide binding and hydrolysis on the conformation of PAN, we monitored its susceptibility to different proteases in the absence or presence of ATP, ATP␥S (a non-hydrolyzable ATP analog), or ADP, and mapped the protease-resistant domains by Edman degradation. Further studies of the sensitivity of PAN to proteinase K uncovered distinct conformations corresponding to the ATP␥S-bound and ADP-bound forms, indicating conformational transitions coupled to ATP hydrolysis. Using the solved structures of a homologous AAA family member, we were able to model the main parts of the PAN molecule and the kinds of conformational changes induced by nucleotides.
MATERIALS AND METHODS
Protein Purification-Untagged PAN and mutants were purified to homogeneity from Escherichia coli transformed with pRSET plasmid, as previously described (9) . Gel filtration analysis indicates that these preparations do not contain monomeric PAN. 4 Additionally, these preparations bind the 20 S proteasome stoichiometrically (6) .
Protease Protection-2 g of PAN (275 nM) was diluted in the digest buffer (15 mM Tris, pH 8.0, 30 mM KCl, 5 mM MgCl 2 , with or without 2 mM ATP, ADP, or ATP␥S) and preincubated 10 min at 20°C. Protease was added at 30 g/ml (1.25 M) Calbiochem trypsin) or 600 ng/ml (207 nM) (Novagen proteinase K) and samples were incubated at 20°C for 30 min. Digested samples were immediately run on SDS-PAGE and stained with Coomassie Blue.
YFP Degradation Assay-YFP-ssrA was used as a substrate for degradation by PAN and 20 S proteasome, as previously described (9) .
Peptide Mapping-Following digestion and SDS-PAGE, protein samples were transferred to a polyvinylidene difluoride membrane, stained with Ponceau, and excised for Edman degradation at the Dana-Farber core sequencing facility.
Kinetics-PAN was digested as described, with 0 -2 mM ATP, ADP, or ATP␥S. Gels were scanned, and band density was determined with Scanalytics One-Dscan 2.03 software. These data were graphed and Michaelis-Menten kinetics were determined.
Nucleotide Binding Assay-35 S-Labeled ATP␥S bound to PAN was separated from free nucleotide using a rapid spin column technique as described (30) . Various concentrations of PAN were incubated at 37°C with a minimal 10-fold higher concentration of ATP␥ 35 S (10 mCi/ml, 1200 Ci/mmol, from Amersham Biosciences). Recovery of PAN from the column was 95% as determined by Bradford protein assay and activity assay. The concentration of bound nucleotide was determined by comparing the total counts of the control 1 mM ATP␥ 35 S solution with the number of counts bound to PAN.
RESULTS
To identify the conformational transitions in PAN that result from nucleotide binding and hydrolysis, five different proteolytic enzymes were initially tested: trypsin, chymotrypsin, elastase, V8, and proteinase K (data not shown). Of these, trypsin digestion of PAN for 20 min at 20°C proved to be the most informative and reproducible. This digest yielded 5 distinct fragments of the following sizes: 43. (Fig. 1A, lane 2) , which resisted further digestion when increasing amounts of trypsin (from 30 to 60 g/ml) were added (data not shown). Tryp 1 was always present, although its amount varied some- what between assays. We attempted to study the generation of these fragments further by conducting time courses of PAN digestion with trypsin. Unfortunately, we were unable to control the reaction sufficiently to study digestion intermediates. Consequently, we have focused in this study on the proteaseresistant domains produced by prolonged incubation with trypsin.
To test the effects of nucleotides on trypsin sensitivity, we determined whether the digestion products differed after preincubation of PAN with ATP, ADP, or ATP␥S. Each of these nucleotides altered the pattern of fragments produced, and, surprisingly, they caused an almost identical set of changes. The pattern of fragments in the presence or absence of a nucleotide differed in two ways. With the addition of each nucleotide, a new product of 25.5 kDa (Tryp 3) appeared, and the smallest peptide (Tryp 6) disappeared (Fig. 1A, lanes 3-5) . These nucleotide-induced alterations reflect changes in the accessibility of trypsin sites and thus indicate conformational changes in PAN.
To define the affinity of the binding site responsible for the changes in susceptibility to trypsin, we incubated PAN with increasing concentrations of ATP, ADP, or ATP␥S, followed by exhaustive digestion with trypsin and analysis by SDS-PAGE. The Coomassie-stained gels were scanned, and the Tryp 3 band, which was produced specifically in the presence of nucleotides, was quantified by densitometery (representative data with ATP is shown in Fig. 1B ). When the amounts of this band were plotted against nucleotide concentration, in each case a clear saturation curve was obtained that could be fitted accurately with a model assuming saturable binding of the nucleotide to inhibit cleavage by trypsin. The concentrations of these nucleotides that gave half-maximal production of Tryp 3 were very similar: K a for ATP ϭ 40 M, ADP ϭ 27 M, ATP␥S ϭ 22 M. These changes in sensitivity were due to nucleotide binding to PAN, and not to some effect on trypsin activity, because in control experiments, increasing concentrations of ATP caused no change in the rate of casein hydrolysis by trypsin or the nature of the products generated (data not shown). Surprisingly, the K a of PAN for these nucleotides (ϳ20 -40 M) was much lower than the K m previously determined for the ATPdependent breakdown of casein by the PAN-20S complex (ϳ500 M) (31) or at 300 M.
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To confirm that the high affinity binding of nucleotides to PAN is dependent on the Walker A and Walker B motifs (amino acids 211-273), we engineered two variants of PAN (32) (33) (34) . First, we substituted an arginine for the conserved lysine (K217R) in the Walker A domain, which in other ATPases is necessary for nucleotide binding. The pattern of peptides generated upon incubation of this Walker A mutant with trypsin was minimally affected by the presence of any of the nucleotides ( Fig. 2A, lanes 1-4) . Although Tryp 3 was generated at low efficiency in the presence of a nucleotide, this may indicate that a small degree of nucleotide binding occurs in the K217R mutant. We also inserted a glutamine for the glutamic acid (E271Q) in the Walker B motif, which is required for ATP hydrolysis in other ATPases. The Walker B mutant in PAN exhibited the same changes in trypsin sensitivity upon addition of ATP, ADP, or ATP␥S as the unmodified PAN ( Fig. 2A , lanes [5] [6] [7] [8] . Therefore, the conformational changes detected by the trypsin protection assay require nucleotide binding at the Walker A motif, but not ATP hydrolysis, as was also suggested by the identical products obtained with ADP and ATP␥S.
To confirm that these mutations were affecting the capacity of PAN to support ATP-dependent protein degradation by the 20 S particle, we assayed the degradation of an YFP-ssrA fusion protein ( ther the Walker A nor Walker B mutants showed any activity. Thus, both conformational changes detected by trypsin and ATP-dependent proteolysis require the same ATP-binding site, even though these events occur at different concentrations of the nucleotide.
To define the protease-resistant domains and localize the conformational changes in PAN upon nucleotide binding, we used Edman degradation to map the stable products generated by trypsin. A unique amino-terminal sequence was found for each fragment (Fig. 3A) . Only a small fraction of the arginine or lysine residues in PAN were cleaved by trypsin, and all the fragments that were resistant to trypsin contained an additional potential cleavage sites that presumably were protected by the structure of the domain. The Tryp 1 (395 amino acids) and Tryp 2 (275 amino acids) fragments, observed in the presence or absence of a nucleotide, lack the NH 2 -terminal 35 and 155 amino acids, respectively. The first 35 residues, which are largely charged, were not recovered in any fragment, and likely correspond to a trypsin-sensitive region with a loose structure. Tryp 3, a COOH-terminal fragment of 232 amino acids was observed only in the presence of nucleotides. The nearly identical Tryp 4 (127 amino acids) and Tryp 5 (109 amino acids) were observed regardless of nucleotide, and are located near the NH 2 terminus of Tryp 1. The second nucleotide-sensitive fragment, COOH-terminal Tryp 6 (96 amino acids), disappeared in the presence of nucleotide.
The location of the nucleotide-sensitive fragments Tryp 3 and Tryp 6 suggests that nucleotide-induced conformational changes occur both locally (around the Walker A and B domains) and globally (throughout the protein). The NH 2 terminus of Tryp 3 is located in the vicinity of the Walker A and B motif and thus its generation could be directly affected by local structural changes accompanying nucleotide binding. Tryp 6, however, is over 60 amino acids away from the COOH-terminal end of the Walker A and B motif and 136 amino acids from the NH 2 terminus of Tryp 3. Its disappearance after binding of a nucleotide requires an alteration in the carboxyl-terminal region of the PAN monomers. Although it is possible that Arg 334 (Tryp 6 cleavage site) is actually adjacent to the Walker motifs in the three-dimensional structure, this cleavage indicates that nucleotide binding has global effects on the structure of PAN.
Overlapping Trypsin Fragments Support the Existence of Multiple Monomer Conformations-Although Tryp 3 and Tryp 6 overlap in sequence with the nucleotide-insensitive Tryp 2, the generation of Tryp 3 in the presence of a nucleotide cannot occur via further processing of Tryp 2. As shown in Fig. 1B , the addition of nucleotides generated increasing amounts of Tryp 3 without affecting the amount of Tryp 2. By contrast, Tryp 3 and Tryp 6 seem to be generated by alternative processing of a common precursor, because the accumulation of Tryp 3 correlated directly with the disappearance of Tryp 6. It follows that Tryp 3 and Tryp 6 must be generated from different monomers than those that generate Tryp 2. To further analyze the relationship between the nucleotide-sensitive Tryp 3 and Tryp 6, we determined the quantity of each fragment in Fig. 1B by densitometry, and plotted the percent of maximum fragment generated against the concentration of ATP in the reaction (Fig. 3B) . The intersection of these plots occurs near the 50% maximum of each of the fragments, supporting the notion that fragments 3 and 6 are generated from the same full-length monomer (i.e. at the expense of each other). Furthermore, the concentration at which this intersection occurs is similar to the K a of PAN for nucleotide (ϳ40 M ATP␥S).
All Six PAN Subunits Do Not Bind ATP␥S SimultaneouslyThese results strongly suggest that although PAN is a homohexamer, individual subunits can adopt alternate conformations. The simplest mechanism by which heterogeneity in the homohexameric ring might arise would be if some subunits bound nucleotides, whereas others did not. To directly test this hypothesis, we measured nucleotide binding to PAN using radiolabeled ATP␥S and Sephadex G-50 spin columns to separate PAN from the unbound nucleotide. With increasing amounts of PAN, increasing amounts of ATP␥ 35 S were recovered with PAN in the flow-through. As shown in Fig. 4 , the slope of this line indicated binding of exactly four nucleotides per PAN hexamer. These results were obtained at a high concentration of ATP␥S (1 mM) that gave maximal binding (data not shown). Thus, these experiments indicate that each PAN hexamer binds a maximum of four ATP␥S molecules under Fig. 1b) was determined by densitometry and plotted as percentage of total against the ADP concentration.
saturating conditions (Fig. 4) and support the existence of multiple monomer conformations as suggested by the trypsin fragments (Fig. 4) .
Protease Treatment Distinguishes ATP␥S-and ADP-bound Forms of PAN-Because the ATP␥S-and ADP-bound state of PAN are known to have different functional consequences (6, 7), but did not differ in susceptibility to trypsin, the changes associated with ATP hydrolysis must not expose or conceal a trypsin-sensitive site. We therefore tested other proteases to see if there were any differences in the products generated upon binding of ATP␥S and ADP. As shown in Fig. 5A , the fragments generated by proteinase K in the presence of ADP (or without a nucleotide, data not shown) differed from those produced with ATP␥S. As determined by Edman degradation, the first 20 NH 2 -terminal amino acids of PAN were lost after proteinase K treatment, which is further evidence that this NH 2 -terminal region is relatively unstructured (Fig. 5B) . Unfortunately, the fragments generated with proteinase K (in contrast to those with trypsin) were not completely resistant to the protease, and as a result varied in quantity between experiments, and therefore could not be quantitated reliably. A complete description of the fragments is included in the figure legend.
The cleavage patterns clearly indicate that two types of conformational changes were induced by ATP␥S. One involved a decrease in the quantity of Prok 3 (which was not found with ATP␥S), whereas there was an increase in Prok 5 (which was predominant with ATP␥S). The other resulted in the loss of Prok 4 (which was not found with ATP␥S) and the appearance of Prok 6 (which was unique to ATP␥S). As found with trypsin, the changes monitored with proteinase K digestion involved the complete protein, including the ATP-binding domain. The conformational change leading to the generation of Prok 5 occurs in the Walker A and B regions and therefore can be attributed to local structural changes associated with the loss of the ␥-phosphate. By contrast, the generation of Prok 6 suggests a global conformational change, which extends to the very carboxyl terminus of the molecule. These two results indicate a cycle of conformational changes associated with ATP binding and hydrolysis to ADP.
DISCUSSION
In this study, digestions with trypsin and proteinase K have provided complementary information about the structure of PAN and the effects of nucleotide binding and ATP hydrolysis. The trypsin digest is particularly interesting because it indicates that there are multiple monomer conformations in the homohexameric ring. The overlap between fragments Tryp 3 and 6 ( Fig. 3B) could result from three distinct conformations of the monomer. We propose that the first conformation, "A," yields Tryp 2 upon digestion and is observed in the presence or absence of a nucleotide. In the absence of a nucleotide, a second conformation, "B", yields Tryp 6. Upon addition of nucleotide, the B conformation converts to a third form, "C," which yields Tryp 3. The existence of multiple conformations in a complex is due most likely to nucleotide binding to only some of six subunits of PAN. Partial occupancy of the hexamer by nucleotides was directly confirmed by a nucleotide binding measurement, which indicated that only four ATP␥S molecules bound per PAN hexamer at saturating conditions (Fig. 4) . The functional consequences of having multiple conformations at any time within the PAN hexamer are an important question for future study especially because the transitions of different subunits between these conformations is likely to underlie the ability of PAN to promote substrate unfolding and translocation.
Thus, the most likely interpretation of these findings is that a single hexamer contains monomers that do not bind nucleotide and maintain the A conformation as well as monomers that are sensitive to nucleotide and can adopt either the B or C conformation. An alternative explanation of the trypsin fragments could be that these preparations contain distinct populations of PAN, each comprised wholly of bound and unbound monomers. It is also theoretically possible that stochastic asymmetry in PAN initiates different pathways of trypsin digestion in otherwise identical subunits. However, neither of these possibilities would fit with the nucleotide binding data (Fig. 4) or with extensive unpublished data indicating distinct functional consequences when increasing amounts of ATP␥S bind to PAN. 6 Furthermore, there is strong precedent for a partial occupancy arrangement in related AAA ATPases. A study of the AAA ClpX homohexamer demonstrated that subunits are partitioned into three classes with different nucleotide binding and release properties (35) . In addition, early studies on ATP binding in the lon (La) protease indicated four nucleotides bound per multimer, which at the time was believed to be tetrameric (30) . Because lon is in fact a hexameric AAA family member, these observations are similar to the present findings. In addition, partial nucleotide occupancy has been described in HslU, where the crystal structure reveals AMP-PNP bound to only 4 subunits of the hexamer (21) . Thus, it appears most likely that some of the monomers in a PAN hexamer bind nucleotide and undergo conformational transitions whereas others do not.
Comparison of the peptides generated by trypsin and proteinase K reveals several similarities that are informative about the domain structure of PAN. First, both proteases yielded a limited set of fragments that spanned almost the entirety of PAN, but indicated that the majority of potential cleavage sites were inaccessible. However, the first 20 -35 residues of PAN, which precede a predicted coiled-coil domain (11), were fully digested regardless of protease or nucleotide tested, confirming that this region lacks significant tertiary structure under any nucleotide condition. Although proteinase K has a much wider substrate range than trypsin, both yielded similar nucleotide-resistant fragments, suggesting that the regions cleaved correspond to loops between stable domains, and are not due to the specificity of the protease. For example, Tryp 6 and Prok 6 are similar COOHterminal fragments of 96 and 114 amino acids, respectively, that were generated under specific nucleotide conditions. The accessibility of the NH 2 -terminal region of these fragments to the protease varied depending on the presence of a nucleotide, suggesting that it may function like a hinge, separating adjacent domains that vary in their relative orientation. Another region targeted by both proteases and likely to function as a hinge is located between residues 155 and 160, defined by the NH 2 termini of Tryp 2 and Prok 2, and the COOH termini of Tryp 4, Tryp 5, and Prok 5.
Although the experiments with trypsin and proteinase K produced generally similar fragments and revealed some common domain structures, the conformational changes detected by trypsin are induced upon binding of any nucleotide, whereas those detected by proteinase K correspond to changes linked to ATP hydrolysis. Both PAN and the eukaryotic 19 S complex appear to undergo a cycle of changes in their functional properties depending on ATP binding and hydrolysis (6) . The initial step in the function of these ATPases is the assumption of a polymeric ring structure. For homologous AAA family members (such as ClpA or HslU) nucleotide binding is an absolute prerequisite for ring formation (36) . PAN, however, forms rings in the absence of any nucleotide and the nucleotide-dependent changes detected by trypsin probably correspond to further rearrangement of monomers into a functional conformation. A putative next step would be substrate binding. In studies with the peptide SsrA, specific, high affinity cross-linking to PAN occurred only when PAN was preincubated with ATP␥S. 7 These findings together suggest that PAN assumes a unique conformation suitable for substrate binding when a non-hydrolyzable ATP analog is bound. This conformation is detected by proteinase K digestion of PAN bound to ATP␥S, where the amino-and carboxyl-terminal domains are preserved, whereas the central region, including the Walker A and B motif, becomes protease-sensitive.
The next step in the ATPase cycle, substrate unfolding, is known to depend on ATP hydrolysis (6, 7). Thus, the conformational changes detected by proteinase K, which discriminates between the ATP␥S and the ADP bound forms, correlate with these changes in function. We were unable to determine an affinity for ATP␥S using proteinase K digestion as we did for nucleotide binding with trypsin. However, it is likely that this affinity corresponds to the 300 -500 M K m determined previously for ATP dependence of protein breakdown. It is important to note that the ATP hydrolysis assay was conducted at 55°C (300 M K m ) or at 80°C (500 M K m ), whereas the protease sensitivity assays were run at 20°C, and thus these values cannot be directly compared. However, the existence of high (K a ϳ 20 -40 M) and low affinity constants (K m ϳ 300 M) for The orientation of the NH 2 -terminal (blue) and COOH-terminal (green) domains in all three molecules is similar. COOH-terminal domains form tight contacts with NH 2 -terminal domains of their adjacent subunits. Nucleotides always bind between the NH 2 -and COOH-terminal domains and are depicted as ball-and-stick models (red). c, stereo representation of the structural superposition of the NH 2 -and COOH-terminal domains of all three ATPases. The superpositioning was performed for C ␣ -atoms of the NH 2 -terminal domains and the corresponding rotation matrix and translation vectors were applied to the whole subunit. All three subunits show a specific hinge region between NH 2 -and COOH-terminal domains. Nucleotides (red) are oriented and positioned identically in all three structures. d, stereo representation of the HslU subunit topology. Each domain follows the specific color-coding as described in a. The NH 2 terminus is positioned in proximity of the intermediate coiled-coil domain, indicating a possible gene shuffling in PAN during evolution. e, proposed model for the overall architecture of PAN derived from the primary sequence comparison to HslU. The coiled-coil domain of PAN is transferred to its NH 2 terminus. The NH 2 -terminal domain is not split, but located next to the COOH-terminal domain; the COOH-terminal domain itself is analogous to HslU. An additional domain (black) between the coiled-coil and the NH 2 -terminal domain is present only in PAN. Numbers below the box indicate specific amino acid positions for the distinct domains. Tryptic cleavage sites are indicated by blue and proteinase K cleavage sites by brown arrows. Cleavage sites exposed or protected by nucleotides are highlighted against a yellow background.
ATP suggests that hydrolysis of ATP to ADP may introduce a negative effect on further ATP binding, especially if the affinity of ADP is higher than that of ATP. Thus the K m of ATP may actually reflect the K d of ADP, and because ATP is not hydrolyzed at 20°C, this K a is probably a more accurate estimate of ATP affinity.
Modeling the Structural Basis of These Conformational Transitions-To develop a model for PAN function that could be tested by mutagenesis, we examined the x-ray structures of three related AAA ATPase complexes, NSF-D2 (20, 37), p97-D1 (38) , and HslU (21, 39, 40) (Fig. 6B) . NSF-D2 (Chinese hamster), p97-D1 (Mus musculus), and HslU (E. coli) share high sequence homology in their amino-and carboxyl-terminal domains (Fig. 6A) . Despite their relatively low overall sequence homology (ϳ30%), structural comparisons of these proteins indicate a universal architecture of the AAA ϩ fold (Fig. 6C) . We chose to focus on HslU, which is the regulatory component of the HslUV complex (the E. coli homolog of the eukaryotic proteasome). Although related, HslU and PAN have clear differences in their primary sequences and domain organizations. In PAN, the coiled-coil domain resides in the extreme amino terminus of the molecule (residues 40 -100), whereas in HslU this domain is in amino acids 96 -251, inserted between Walker A and B motifs (Fig. 6A) . The structure of HslU reveals that this insertion does not spatially disrupt the Walker AB motif because the coiled-coil domain is looped out, allowing arrangement of the Walker A and B motif (Fig. 6D) . It seems likely that this alternate domain organization resulted from a gene-shuffling event that relocated the coiled-coil domain (21) .
To examine this possibility, we compared the homology between PAN and HslU sequences before and after rearrangement of the HslU sequence to place the coiled-coil domain at the beginning of the NH 2 terminus. Upon rearrangement of the HslU sequence to match the domain organization of PAN, the homology between the sequences increased from ϳ25 to ϳ35%. Furthermore, our recent electron micrograph studies of PAN in complex with the 20 S reveal a basal ring plus an outer "pseudo ring" that seems to correspond to the coiled-coil domain (6) , and resembles electron micrographs of HslUV (36) . The putative domain structure of PAN was determined and is shown with sites of protease digestion (Fig. 6E) . Using the improved alignment of PAN and HslU, we can localize the regions on the structure of HslU that probably correspond to sites of protease sensitivity in PAN (Fig. 7) .
The two sites in PAN sensitive to nucleotide binding detected with trypsin were mapped to the structure of HslU. In the presence of nucleotide, trypsin cuts at Lys 198 to produce Tryp 3. On the structure of HslU, this cut would occur in close proximity to the Walker A and B motifs and the bound nucleotide. Thus, cleavage at Lys 198 most likely represents a local effect associated with nucleotide occupancy. In the HslU structure, four of the six subunits are bound to a nucleotide (21), as was found here for PAN. As noted above, overlap in the fragments generated upon trypsin digestion makes it likely that the PAN ring also contains both bound and unbound subunits. In addition to its proximity to the Walker A and B motifs, Lys 198 is a particularly interesting location for a nucleotide-sensitive conformational change to occur. In a separate study, we have localized the substrate-binding site in PAN to the coiled-coil region, and the conformational changes detected here may reflect how substrate binding and ATP hydrolysis are linked.
The second nucleotide-sensitive fragment, Tryp 6, produced by a cut at Arg 334 , was observed only in the absence of a nucleotide. On the sequence of PAN, it seems most likely that this cut occurs in a hinge region that connects a COOH-terminal domain to the NH 2 -terminal domain. When modeled onto the structure of HslU, this cut would correspond to a short loop region between the COOH-terminal and NH 2 -terminal domains. In HslU and the solved structures of related AAA members, the helical C-domain of one subunit embraces the nucleotide binding N-domain of the neighboring subunit in a counterclockwise orientation (Fig. 6B) . Thus, the local conformational changes (e.g. Tryp 3) detected in this study presumably correspond to rearrangements in the Walker A and B motif of the individual monomer, whereas the global changes detected (e.g. Tryp 6) may correspond to alterations in the relative orientation of the monomers, i.e. structural rearrangements of the polymer ring.
In proteinase K digests, the COOH-terminal fragment generated in the ATP␥S-bound state (Prok 6, Thr 316 ) is similar in size to Tryp 6, but is sensitive to ATP hydrolysis instead of just nucleotide binding. In this case, the cut occurs at the base of a loop that lies between the NH 2 -and COOH-terminal domains (Fig. 7) . This loop, although distant in primary amino acid sequence from the Walker A and B motif, is near the ␥-phosphate in the HslU structure. Due to the distances in the primary sequence, we had initially classified this site as an example of a long range conformational change induced by ATP hydrolysis, but the spatial proximity evident in the structure of HslU that suggests this could be a local effect resulting from loss of the ␥-phosphate of ATP during ATP hydrolysis.
In summary, these studies show that the proteasome-regulatory ATPase PAN undergoes distinct conformational changes upon nucleotide binding and ATP hydrolysis. Although the conclusions drawn from modeling sites of protease sensitivity in PAN onto HslU are suggestive only, this analysis can inform future studies. We are currently using the structural information gained here to understand further the PAN reaction cycle and in the design of PAN deletion variants that are defective in substrate binding, unfolding, and translocation, and thus to gain a further understanding of the function of this proteasome-regulatory ATPase.
